Human chorionic gonadotropin (hCG), a heterodimeric glycoprotein hormone, is composed of an subunit noncovalently associated with the hormone-specific subunit. The objective of the present study was recombinant expression of properly folded, biologically active hCG and its subunits using an expression system that could be used for structure-function studies while providing adequate quantities of the hormone for immunocontraceptive studies. We report here expression of biologically active hCG and its subunits using a yeast expression system, Pichia pastoris. The recombinant hCG and hCG subunits were secreted into the medium and the levels of expression achieved at shake culture level were 24 and 2·7-3 mg/l secretory medium respectively.
INTRODUCTION
Human chorionic gonadotropin (hCG), a member of the glycoprotein family comprised of thyroid stimulating hormone (TSH), follicle stimulating hormone (FSH) and luteinizing hormone (LH), is a heterodimer composed of an subunit noncovalently associated with the hormone-specific subunit (Pierce & Parsons 1981) . Both subunits are N-glycosylated, the hCG subunit having in addition four O-linked oligosaccharides located at the carboxy-terminal extension of the polypeptide. It has been demonstrated that N-linked glycosylation during biosynthesis facilitates protein folding and conformational maturation of the subunits into an assembly-competent, biologically active form , Feng et al. 1995 . The and subunits of hCG contain five and six disulfide bonds respectively, and the crystal structure of hCG indicates that both subunits belong to the cystine knot family of proteins (Lapthorn et al. 1994 , Wu et al. 1994 .
hCG has proved to be an important model for structure-function relationship studies of complex dimeric glycoproteins. The folding of the subunits during biosynthesis, the role of glycosylation in determining the folding pathways and the in vitro and in vivo bioactivity of the hormone, and identification of the domains important for subunit association, receptor binding and subsequent signal transduction have been topics of active investigations. In addition, it has been reported that hCG has immunocontraceptive potential (Talwar et al. 1994) . Active and passive immunization studies with hCG in primates and humans have demonstrated the possibility of controling fertility by antibodies capable of neutralizing hCG. Phase II clinical trials of an hCG anti-fertility vaccine have also been completed in women of proven fertility. Further development of this vaccine requires large quantities of highly purified hCG or its subunits, free from any pathogenic elements.
The objective of the present study was hyperexpression of glycosylated, properly folded and biologically active hCG using an expression system capable of producing large quantities of the recombinant protein. Such a system could serve as a model system for investigating structure-function relationships and folding of the subunits during biosynthesis, in addition to providing sufficient quantities of hCG for immunocontraceptive studies. For this purpose, we chose the Pichia pastoris yeast expression system, which fulfills all the prerequisites for hyperexpression of glycoprotein hormones. Earlier, we reported expression of biologically active FSH subunits (Samaddar et al. 1997) , and Richard et al. (1998) reported expression of porcine FSH. In the present study, we report expression of large quantities of immunologically similar, biologically active hCG using Pichia pastoris expression vectors.
MATERIALS AND METHODS

Chemicals, biological materials and vectors
The hormone and its subunits -hCG, hCG and hCG (CR121) -used as reference preparations in our assays were obtained from Dr R E Canfield, Columbia University, USA. hCG , hCG and hCG polyclonal antisera were raised in the rabbit and characterized in the laboratory as described earlier (Dighe et al. 1990a) . hCG monoclonal antibodies (MAbs) were raised in mice and characterized in the laboratory.
125 I[NaI] and [ -32 P] ATP were purchased from the Amersham Radiochemical Company, Bucks, UK or NEN Life Science Products, Boston, MA, USA. All the restriction enzymes and modifying enzymes required were purchased from Boehringer Mannheim, GHBH, Mannheim, Germany; zymolase was purchased from ICN Biochemicals, Costa Mesa, CA, USA; yeast nitrogen base without amino acids was obtained from Difco, Detroit, USA. All other reagents were obtained from Sigma Chemical Company, St Louis, MO, USA.
General methodologies
All DNA manipulations were according to standard techniques (Sambrook et al. 1989) .
Construction of expression vectors
The cDNA encoding the mature secreted form of hCG (without its cognate signal peptide) was PCR-amplified using hCG cDNA as the template and the primers that were designed to introduce EcoRI-NotI sites at the 5 and 3 ends of cDNA. A hexahistidine tag was introduced at the C-terminus of the hCG subunit by incorporating the appropriate nucleotide sequence in the 3 primer. The sequences of the primers were: (a) 5 primer, 5 CCGAATTCGCTCCTGATGTGCAGGATT GCCCA3 ; (b) 3 primer, 5 CCGCGGCCGCTT AGTGATGGTGATGGTGATGAGATTTGTG ATAATA3 .
The hCG cDNA encoding the mature form of subunit (without its cognate signal peptide) was PCR-amplified using hCG cDNA as the template and primers introducing EcoRI sites at the 5 and 3 ends respectively. The primer sequences were: (a) 5 primer, 5 CCGAATTCAGCAAGGAGCCGCTT CGG; (b) 3 primer, 5 CCGAATTCTTATTGT GGGAGGATCGG3 . The PCR-amplified products were cloned into the EcoRI site of the pPIC9K expression vector and the orientation was confirmed by restriction mapping (Fig. 1) .
Using the same strategy, the hCG and hCG cDNAs, including their respective cognate signal peptides, were cloned into the pHILD4 expression vector.
Expression of hCG subunits
The recombinant plasmids were first digested with Bgl II to release the expression cassettes that were then used for transformation of the histidinedeficient (his ) Pichia pastoris host strain, GS115, by spheroplast transformation (Cregg et al. 1985) . The his + transformants were selected on a regeneration medium lacking histidine. The transformants were screened for their ability to secrete recombinant hCG or hCG subunit on induction with methanol using a short screening procedure described earlier (Samaddar et al. 1997 ) and subunitspecific polyclonal antisera raised in the laboratory. The colonies were grown in 1% yeast extract, 2% peptone, with 2% dextrose as carbon source (YPD) at 30 C under shake culture conditions for a period of 2 days. The cells were subsequently harvested by centrifugation and resuspended in induction medium (1% yeast extract, 2% peptone, with 0·5-1% methanol as carbon source) and cultured for a further period of 2-3 days under identical conditions. The induction medium from each clone was assayed for hCG -or hCG -like activity in a homologous liquid-phase RIA using subunitspecific polyclonal antisera and 125 I-hCG or 125 I-hCG as tracer (Dighe et al. 1990a) .
The clones showing highest levels of secretion of hCG or hCG were chosen for large-scale cultures. A single colony of the selected clone was grown in YPD at 30 C as described above, for a period of 2 days. The cells that had reached the log phase were harvested by centrifugation and resuspended in one-third volume of induction medium containing 2% yeast nitrogen base, 400 µg/l biotin, 0·1M potassium phosphate buffer (pH 6·0), with 0·75-1% methanol as carbon source (induction medium). The cultures were induced for 3-4 days at 30 C with methanol added to 0·5% final concentration every 24 h. The levels of expression of the recombinant hCG subunits were determined in a liquid-phase RIA as described earlier (Dighe et al. 1990a) .
Expression of heterodimeric hCG (phCG)
The ability of Pichia pastoris to accommodate multiple copies of the expression cassettes within its genome (Clare et al. 1991) afforded us the opportunity to express both subunits of hCG in the same cell, thus allowing intracellular annealing of subunits and secretion of heterodimeric hCG. The Pichia cells (GS115) were co-transformed with the hCG and hCG expression cassettes. The transformants were selected on histidine-deficient medium as described above, and screened for their ability to express and secrete heterodimeric hCG upon induction with methanol, using a solid-phase RIA (Dighe et al. 1990b ) and a heterodimer-specific MAb, antibody 52/28. The secretory medium from the highest-secreting clone was also assayed for hCG-like immunoreactivity in RIA using hCG antiserum and MAb 52/28, and 125 I-hCG as the tracer.
Immunological characterization of phCG
The induction medium from the selected Pichia pastoris clone expressing phCG was dialyzed, concentrated by lyophilization and subjected to solid-phase RIA using subunit-specific MAbs 52/3 and G10/F7 for the hCG subunit and MAbs 13/E10 and 14/B7 for the hCG subunit having different epitope specificities (Dighe et al. 1990b) , with 125 I-hCG as the tracer. These MAbs do not bind to the reduced and carboxymethylated hCG subunits, thus indicating that they are directed against conformational epitopes on the hCG subunits (Dighe et al. 1990a ).
In vitro biological activity of phCG
Radioreceptor assay The ability of pichia-expressed heterodimeric hCG to bind to the LH receptor was demonstrated in an LH radioreceptor assay as described earlier (Dighe & Moudgal 1983) . The LH receptor preparation obtained from adult rat testis was incubated with 125 I-hCG in presence of varying amounts of authentic and recombinant hCG and the binding of the labeled hormone to the receptor was determined. The binding data obtained were displayed as a Scatchard plot.
MA10 Leydig cell bioassay
The ability of phCG to elicit a biological response was demonstrated by determining its capacity to stimulate steroidogenesis  1. Construction of expression vectors for hCG and hCG . The expression vector pPIC9k is an Escherichia coli-Pichia pastoris shuttle vector consisting of sequences required for selection in each host cell. It also consists of the alcohol oxidase (AOX1) promoter and transcription termination fragments (5 AOX1 and 3 AOX1 respectively) flanking the multiple cloning site (EcoRI, NotI) into which the cDNAs corresponding to the mature secreted forms of the hCG and hCG subunits were inserted. The yeast mating factor signal peptide downstream of the AOX1 promoter directs the secretion of the recombinant hCG subunits. This expression vector also contains the Pichia pastoris histidinol dehydrogenase gene (HIS4) for selection of transformants in Pichia pastoris his host strain (GS115) and the kanamycin resistance gene, which facilitates selection of transformants having multiple copies of the expression cassettes integrated into its genome. An additional 3 AOX1 sequence further downstream is required for targeting the integration of the expression cassette into the yeast genome. A nucleotide sequence encoding six histidine residues introduced at the C-terminal end of hCG facilitates its purification by Ni 2+ affinity chromatography.
Hyperexpression of biologically active hCG using yeast ·    and    275
Journal of Molecular Endocrinology (1999) 22, [273] [274] [275] [276] [277] [278] [279] [280] [281] [282] [283] by MA10 Leydig cells (Ascoli 1981) . Approximately 30 000 cells/well were cultured in Iscove's Modified Dulbecco's Medium (IMDM) containing 20% fetal calf serum (FCS) at 37 C in a CO 2 incubator for 2 days and then stimulated with different doses of authentic and recombinant hCG in 1 ml IMDM containing 0·4% FCS for 3 h under identical conditions. Progesterone secreted into the medium was estimated by RIA.
RESULTS
Expression of hCG subunits
Pichia pastoris strain transformed with pPIC9KhCG
Histag or pPIC9KhCG expression cassettes synthesized and secreted hCG subunits into the medium. Almost 75% of the transformants secreted different amounts of hCG subunits into the medium. The RIA displacement curve obtained using 125 I-hCG as the tracer and hCG antiserum showed that phCG Histag could completely inhibit binding of authentic hCG (hCG CR121) to the antiserum. The slope of the displacement curve, calculated using Graphpad Prism 2 software, obtained with phCG (slope+.., 1·05 0·17) was similar to that obtained with authentic hCG (slope+.., 1·35 0·13), suggesting that the recombinant hCG subunit is immunologically similar to hCG (Fig. 2a) . Similarly, the slope of the RIA displacement curve obtained with phCG (1·25+0·16) was similar to that obtained with hCG (1·32+0·13) (Fig. 2b) confirming that pichiaexpressed hCG subunit was immunologically similar to the authentic hCG . The levels of expression obtained under shake flask culture conditions were 24-27 mg/l phCG Histag and 2·7-3 mg/l phCG (Fig. 3) .
Effect of signal peptide on expression of hCG subunits
The hCG subunits were also expressed using another Pichia expression vector, pHIL-D4, which allows utilization of the respective cognate signal peptides for the secretion of the subunits. The Pichia cells synthesized and secreted hCG subunits into the medium. Both pichia-expressed hCG subunits were conformationally similar to natural hCG subunits, as demonstrated using RIA with monoclonal and polyclonal antibodies (data not shown). However, as shown in Fig. 3 , the levels of  2. Expression of hCG (a) and hCG (b) by Pichia pastoris. Pichia cells transformed with hCG and hCG expression constructs were grown on YPD for 2 days and then transferred to medium containing 0·5% methanol. The secretory media were assayed for hCG subunits by subunit-specific RIAs. Different aliquots of the induced culture supernatants from the highest-secreting clone were incubated with subunit-specific antisera overnight at room temperature.
125
I-hCG or -hCG was added and incubation continued for another 12 h. The antigen-antibody complex was precipitated by anti-rabbit IgG (raised in goat) and polyethylene glycol, centrifuged, and the radioactivity in the pellet was counter in a gamma counter. hCG subunits (CR121) were used as reference preparation. In all the RIAs, the values represented are the mean of duplicates of each dilution of the reference preparations or samples. expression obtained with the cognate signal peptide for both the subunits were extremely low. On fusion of the coding portion of the mature hCG subunit to the yeast mating factor signal peptide, there was an approximately 80-fold increase in hCG expression, whereas in case of hCG this increase was approximately 10-fold.
Expression of phCG
To address the question whether pichia-expressed hCG and hCG subunits could anneal to produce a biologically active heterodimer, the host GS115 cells were co-transformed with the hCG and hCG expression cassettes and the ability of the transformants to secrete heterodimeric hCG was determined. For screening purposes, an hCG MAb, 52/28, which recognized only the heterodimeric hCG even in the presence of large excess of the isolated subunits, was used. This MAb, when preincubated with hCG, could effectively reduce its subsequent binding to the LH receptor, indicating that the epitope recognized by this monoclonal resides in the receptor recognition domain of the hormone. Approximately 10% of the transformants were identified as clones capable of secreting the recombinant heterodimeric hCG (phCG) on methanol induction. phCG was able to inhibit completely the binding of 125 I-hCG to hCG antiserum (Fig. 4a) and to the MAb 52/28 (Fig. 4b) . Further, as shown in Fig. 4 , the displacement curves obtained in case of polyclonal hCG antiserum (slope of hCG displacement curve 1·2 0·1; slope of phCG displacement curve 0·9 0·2) indicate an overall immunological similarity between hCG and phCG. However, subtle differences may exist between the conformations of the two species. In contrast, the heterodimer-specific epitope recognized by the MAb 52/28 appears to be identical in both authentic and recombinant hCG, as indicated by the slopes of the displacement curves for this MAb (slope of hCG displacement curve 0·91 0·12; slope of phCG displacement curve 0·91 0·14). The level of expression achieved with the highest-secreting clone under shake culture conditions was 12-16 mg/l secretory medium as determined using MAb 52/28. Western blot analysis of the crude secretory medium resolved on SDS-PAGE using hCG polyclonal antiserum showed the mobilities of the recombinant hormones subunits in phCG to be similar to those of the natural hormone subunits (Fig. 5) .
Further characterization of phCG with respect to its immunological properties was carried out using hCG MAbs. These MAbs were conformationspecific MAbs that were raised against hCG, but also recognized either the or subunit of hCG. Previous studies have also demonstrated that each of these MAbs has different epitope specificity (Dighe et al. 1990b) . Figure 6a and 6b show displacement curves obtained with subunitspecific MAbs, and Fig. 6c and d show displacement curves obtained with subunit-specific MAbs. Comparison of the slopes of the displacement curves obtained using recombinant and authentic hCG indicates that, except in case of MAb 14/B7, the phCG is immunologically similar, but not absolutely identical, to hCG.
Biological activity of phCG
To demonstrate that phCG is biologically active, its ability to bind to the LH receptor and elicit a biological response was next determined. As shown in Fig. 7 , phCG was able to inhibit completely the binding of 125 I-hCG to the receptor. Scatchard plot analysis showed that phCG could bind to the LH receptor with approximately fourfold lower affinity compared with that of authentic hCG (K d for hCG=7·7 0·1 10 11 M and K d for phCG=3·1 0·1 10 10 M). Further, the biological activity of the phCG was demonstrated by  3. Effect of signal peptide on levels of expression of hCG subunits. hCG subunits were expressed using the Pichia expression vector, pPIC9K, fusing the cDNAs encoding only the mature secreted forms of the subunits to the signal peptide of the yeast mating factor, and also using the expression vector, pHIL-D4, which uses the cognate signal peptides. The cells were grown and induced with methanol and RIAs of secreted subunits were carried out as described in Fig. 2 .
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Journal of Molecular Endocrinology (1999) 22, [273] [274] [275] [276] [277] [278] [279] [280] [281] [282] [283] incubating the MA10 Leydig cells with the recombinant hormone and estimating progesterone secreted into the medium. Typical dose-response curves are shown in Fig. 8 . The recombinant hormone was capable of stimulating progesterone production. Interestingly, maximal stimulation obtained with phCG was twofold greater than that obtained with the native hormone, despite their having nearly the same EC 50 values.
DISCUSSION
In this study, we report hyperexpression of biologically active hCG and its subunits using a Pichia pastoris expression system. The levels of expression achieved at shake flask level were approximately 24-27 mg/l in the case of hCG , 2·7-3·0 mg/l in the case of hCG and 12-16 mg/l in the case of hCG. These are by far the best yields reported for this class of proteins and it is expected that they could be increased several-fold in a fermentor.
Hyperexpression of glycoprotein hormones by recombinant DNA technology is beset with several  4. (a) Expression of hCG by Pichia pastoris (phCG). The Pichia pastoris cells co-transformed with expression cassettes corresponding to both the hCG subunits were induced in presence of methanol and the secretory medium from the highest-secreting clone was assayed for hCG-like immunoreactivity in an RIA using hCG polyclonal antiserum as described in Fig. 2 . hCG (CR121) was used as the reference preparation, and 125 I-hCG was used as the tracer. (b) RIA of phCG using MAb 52/28. The induction medium from the Pichia clone described in Fig. 4a was assayed in a solid-phase RIA using the heterodimer-specific MAb 52/28, and 125 I-hCG as the tracer. hCG (CR121) was used as the reference preparation.
 5. Western blot analysis of phCG. The secretory medium from the clone expressing hCG was dialyzed, concentrated and resolved on a 12% SDS denaturing PAGE and subjected to Western blot analysis using hCG antiserum preabsorbed with secretory medium from the untransformed GS115 host cells. Lane 1: Molecular weight markers; lane 2: phCG.
problems, and yields of properly folded and biologically active hormones are usually low. The choice of the expression system for expression of glycoprotein hormones is dictated by several considerations. The family of glycoprotein hormones has two unique structural features: both the and subunits of all these hormones are glycosylated, and they have multiple disulfide linkages. The role of the carbohydrate moiety in the biological action of the hormone has been investigated in some detail. Chemical or enzymatic deglycosylation of the native heterodimeric hCG yields a hormone that is capable of binding to the receptor, but incapable of subsequent signal transduction (Thotakura & Bahl 1982) . It has also been shown that glycosylation during biosynthesis  6. RIA of phCG with hCG MAbs. The secretory medium from the clone described above was assayed using hCG MAbs 52/3, G10/F7 (a, b) and hCG MAbs 13/E10, 14/B7 (c, d) . In all the assays, hCG (CR121) was used as the reference preparation and 125 I-hCG as the tracer.
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Journal of Molecular Endocrinology (1999) 22, 273-283 is a prerequisite for correct folding of individual subunits , Feng et al. 1995 . With regard to the second important structural feature (the presence of several disulfide bridges in both subunits), three of these disulfide bridges in each subunit have been shown to form a cystine knot structure. The importance of correct disulfide bond pairing, and that of the order of formation of disulfide bonds in hCG , have been demonstrated by in vivo folding studies (Huth et al. 1992a,b) , and more recent studies have indicated that the glycosylation of Asn residues on the hCG subunit ensures correct disulfide bond pairing (Feng et al. 1995) . Hence, glycosylation of the subunits and disulfide bond formation are two simultaneous and interrelated processes. Earlier studies have also implicated a vital role played by the redox environment within the endoplasmic reticulum and the possible involvement of protein disulfide isomerase and cell-specific chaperones in the process of folding and association of hCG subunits (Huth et al. 1993 , Feng et al. 1996 . These attributes render the in vitro folding of the glycoprotein hormone subunits a very inefficient process. This is the major problem associated with bacterial expression of hCG and subunits (Ren et al. 1995 , Huth et al. 1994 , in which the expressed protein is not glycosylated, and goes into inclusion bodies, requiring purification under denaturing conditions and subsequent refolding in vitro. Conversely, the mammalian expression system is capable of producing biologically active hCG, but is constrained by low yields of the recombinant hormone, lack of easy scaling-up procedures and inherent difficulty in purification of the protein from serum-containing medium.
The yeast expression system possesses the genetic manipulability and growth characteristics of prokaryotes and the subcellular machinery for post-translational modification of eukaryotes. The passage of the expressed protein through the secretory pathway allows post-translational modification events such as proteolytic maturation, glycosylation and disulfide bond formation to occur. The methylotropic yeast, Pichia pastoris, has been used for high level expression of a wide variety of recombinant proteins (Sudbery 1996) . A major factor critical for selection of this system has been the ease with which scaling-up from shake flask to high-density fermentor cultures is possible without loss of specific productivity. The existence of well  7. Radioreceptor assay (RRA) of phCG. The secretory medium as described in Fig. 6 was assayed in an RRA using adult rat testicular membrane as the source of LH receptors, 125 I-hCG was used as the tracer and hCG (CR121) as the reference preparation. The amounts of phCG plotted along the X-axis were quantified in an assay with the MAb 52/28 of the medium described above. established fermentation procedures in a medium that is a defined mixture of salts, trace elements, biotin and carbon source (Digan et al. 1989) , makes the system inexpensive and suitable for a high level of recombinant protein production. In Pichia pastoris, the presence of a tightly regulated methanol-inducible promoter allows the selective induction of the recombinant protein in the presence of methanol as the carbon source, thus providing the advantage of controling growth and production phases separately. Furthermore, integration of the expression cassette within the genome maximizes the stability of foreign protein production strains. This strategy also allows the selection of strains that have multiple copies of expression cassette integrated into the genome and are hence capable of producing high levels of the recombinant protein (Clare et al. 1991) . In our studies, we also observed that the level of expression of hCG subunits could be correlated to the number of expression cassettes integrated into the genome, and hence to the increasing resistance to G418 (data not shown).
We also observed that replacement of the cognate signal peptide of each subunit with that of the yeast mating factor signal peptide led to a remarkable increase in the level of expression of the subunits. Similar results were also obtained with bovine FSH , using the same expression vectors (Samaddar et al. 1997) . In case of FSH , this increase could be attributed to a significant increase in the steady-state mRNA levels (M Samaddar & R R Dighe, unpublished observations). However, besides the higher level of mRNA, better recognition and processing of the yeast signal peptide may also contribute to a higher level of secretion of the protein, as has been reported previously in yeasts (Sudbery 1996 , Ngsee & Smith 1990 . Samaddar et al. (1997) also showed that the pichia-expressed FSH subunit was properly processed and yielded the expected N-terminal amino acid sequence. All these observations show that the choice of the signal peptide can play a very important part in determining the levels of secreted recombinant proteins.
Another advantage of Pichia pastoris is that, unlike Saccharomyces cerevisiae, it does not overmannosylate the expressed protein. (Trimble et al.1991) . Thus selection of this yeast strain for recombinant protein production circumvents the problems associated with overmannosylation in the yeast. Analysis of the pichia-expressed hCG subunit by Western blot did show a heterogeneity of glycosylation of the expressed subunit (data not shown). However, this heterogeneity did not have any effect on the folding of the subunit. In addition, it did not affect its ability to interact with the native hCG , as indicated by formation of the heterodimeric hormone. This heterodimer formation was demonstrated by MAb-based assay, receptor binding and response studies (data not shown). What is interesting is that significantly less heterogeneity was evident when the expression of both the subunits was allowed to occur in the same cell (Fig.  6 ). This is in agreement with an earlier observation reported for the expression of hCG subunits using a baculovirus expression system (Lustbader et al. 1987) . The subunit, when expressed in the absence of complementary subunit, had a relatively higher molecular weight compared with urinary hCG , which could be attributed to hyperglycosylation of the recombinant subunit. In contrast, co-expression of both subunits in the same cells resulted in the subunit having the expected molecular weight. It is likely that the annealing of the subunits before their exit from the endoplasmic reticulum induces some conformational change near the oligosaccharide core structure of hCG subunit thus preventing hyperglycosylation and formation of tri-antennary structures.
Interestingly, the calculated yield of hCG in phCG (12-16 mg, equivalent to approximately 7-8 mg of hCG ) appeared to be much greater than the observed yield (2·7-3 mg) of isolated hCG subunit. Earlier studies using the CHO cell line also showed that, when the expression of both subunits occurs in the same cell, co-expressed subunit assists in the folding of the subunit, leading to a greater level of recovery of secreted heterodimericform hCG (Corless et al. 1987) . Therefore, the plausible explanation for greater yields of phCG might be that the co-expression of hCG with hCG leads to 'rescue' of the subunit during its folding pathway, leading to greater secretion of hCG.
The recombinant hormone could also bind to LH receptor and elicit a biological response. An interesting observation made in this study was that the maximal response elicited by the recombinant hormone was significantly greater than that elicited by the authentic preparation of hCG. This is despite the fact that the affinity of phCG for the receptor was less than that of hCG. Plausible explanations for this observation are (a) the presence of the hexahistidine tag at the C-terminal end of the subunit, and (b) a different pattern of glycosylation of the pichia-expressed recombinant protein. The histidine residues of the subunit have been shown to be important in determining the biological activity of hCG. Analysis of the biological activity of the recombinant hormone without a hexahistidine tag at the C-terminus of the subunit is currently being investigated. The Pichia pastorisexpressed hormone is expected to have a glycosylation pattern different from that of urinary hCG: the Pichia cells do not add sialic acid residues to the carbohydrate moieties on the expressed polypeptide chain. The exact biological significance of the oligosaccharide chains in determining the activity of the glycoprotein hormones is not fully understood. As discussed above, deglycosylation of hCG leads to loss of its ability to stimulate a biological response (Thotakura & Bahl 1982) . Recombinant glycoprotein hormones having different glycosylation patterns have been expressed using different cell lines and it could be demonstrated, for both FSH (Flack et al. 1994) and TSH (Schaff et al. 1997) , that the nature of glycosylation of the hormone subunits can significantly alter the pattern of biological response obtained. These studies indicated that the basic isoforms of these glycoprotein hormones, such as desialylated, high-mannose, core-fucosylated glycosylation variants, show greater in vitro activity. The observation that Pichia pastoris-expressed hCG, which is expected to be hyperglycosylated, is also more biologically active further supports these observations. However, purification of the pichiaexpressed hCG and complete characterization of the carbohydrate moieties are necessary for elucidating the reasons for its hyperactivity.
Studies using conformational-specific MAbs show that, despite the minor differences in glycosylation pattern associated with phCG, the conformational and immunological characteristics of the recombinant hormone remain essentially unaltered. These studies imply that the Pichia pastoris cells possess the appropriate intracellular environment and the factors essential (Huth et al. 1993 , Feng et al. 1996 for the folding and assembly of the active glycoprotein hormones.
The successful hyperexpression of glycoprotein hormones using the Pichia pastoris expression system has several important implications. Previous studies on the recombinant expression of proteins in Pichia pastoris demonstrate that the shake flask conditions are suboptimal for protein production in this system because of lack of pH control, inadequate aeration of cultures, and inability of control of feeding of carbon sources at optimal rates. The cell density obtained under shake flask conditions is much lower than that attained in a fermentor. Thus, by maintaining the per cell productivity constant, it should be possible to achieve almost a 50-fold increase in the yield of the recombinant hormone in a fermentor. Taking these factors into consideration, the Pichia pastoris expression system can be utilized effectively for hyperexpression of properly folded biologically active hCG for structure-function relationship and immunocontraceptive studies. We have expressed FSH (Samaddar et al. 1997) and hTSH subunits (unpublished observations) using this expression system. Thus this system may prove to be a viable system for both the recombinant expression of the glycoprotein hormone subunits and for the study of their folding during biosynthesis. Furthermore, as the Pichia pastoris system has been shown to be suitable for expression of single and dual 13 C-and 15 N-labeled proteins for nuclear magnetic resonance studies (Laroche et al. 1994 , Mason et al. 1996 , this system also has the potential of producing adequate amounts of isotopically labeled hCG and its isolated subunits for structural studies (Lustbader et al. 1996 , Weller et al. 1996 .
